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INCREASES IN CYTOSOLIC CALCIUM ION LEVELS IN HUMAN
NATURAL KILLER CELLS IN RESPONSE TO BUTYLTIN
EXPOSURE
Rhonda Lane1, Sabah O. Ghazi1, and Margaret M. Whalen
Departments of Biological Sciences and Chemistry, Tennessee State University, Nashville, TN
37209

Abstract
NIH-PA Author Manuscript

This study investigated whether exposures to butyltins (BTs), tributylin (TBT) and dibutyltin (DBT)
were able to alter cytosolic calcium levels in human natural killer (NK) cells. Additionally, the effects
of cytosolic calcium ion increases on the activation state of mitogen activated protein kinases
(MAPKs) in NK cells were also investigated. NK cells are an intital immune defense against the
development of tumors or viral infections. TBT and DBT are widespread environmental
contaminants, due to their various industrial applications. Both TBT and DBT have been shown to
decrease the ability of NK cells to lyse tumor cells (lytic function). TBT has also been shown to
activate MAPKs in NK cells. The results of this study indicated that TBT increased cytosolic calcium
levels by as much as 100% after a 60 min exposure to 500 nM TBT while DBT increased cytosolic
calcium levels to a much smaller extent (and required higher concentrations). The results also
indicated that increases in cytosolic calcium could activate MAPKs but only for a short period of
time (5 min), while previous studies showed that activation of MAPKs by TBT last for at least 6
hours. Thus, it appears that TBT stimulated increases in cytosolic calcium may contribute to, but are
not fully responsible for, TBT-induced activation of MAPKs.

INTRODUCTION
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Natural killer (NK) cells are a subset of lymphocytes responsible for innate, or non-adaptive,
immunity. They are found primarily in the bone marrow, spleen, liver and peripheral blood,
contributing 5 – 20% of total lymphocytes in the peripheral blood system (Moretta et al.,
2002). NK cells are defined by the absence of the T cell receptor/CD3 complex and by the
presence of the CD56 and/or CD16 on the cell surface (Lotzova, 1993). NK cells play a central
role in immune defense against viral infection and formation of primary tumors (Lotzova,
1993; Vivier et al., 2004). NK cells are responsible for limiting the spread of blood-borne
metastases as well as limiting the development of primary tumors (Lotzova, 1993). NK cells
also play a central role in immune defense against viral infection as evidenced by increased
incidences of viral infection seen in individuals where the NK subset of lymphocytes is
completely absent (Fleisher et al., 1982; Biron et al., 1989). These cells are the front line of
immune response against tumor and virally infected cells due to their ability to lyse appropriate
target cells without prior sensitization. Interference with NK-cell function by any compound
could increase the risk of viral infection and tumor formation.
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Butyltins (BTS) are man-made chemicals used in a variety of industrial, aquacultural, and
consumer applications that cause significant contamination of the global environment
(Laughlin and Linden, 1985; Tanabe et al., 1998; Senthil Kumar et al. 1999a). Tributyltin
(TBT) was produced in large quantities for wood preservation, marine antifouling paints,
disinfection of circulating industrial cooling water, and slime control in paper mills (Roper,
1992). The use of TBT in antifouling paint applications is responsible for release of these
compounds into the aquatic environment (Hall and Pinkney; 1985; Stallard et al., 1987; Clark
et al., 1988). Detectable levels of TBT have been found in fish and birds (Alzieu et al., 1989;
Kannan et al, 1995a,b,c; Kannan and Falandyz, 1997; Senthil Kumar et al. 1998, 1999b). It
has also been found in plastic products (baking parchments made from siliconized paper) that
come in contact with food and was found to transfer into cookies placed on TBT-containing
baking parchments (Takahashi et al., 1999). There is significant exposure of humans to TBT
as evidenced by its detection in human blood (Whalen et al., 1999; Kannan et al., 1999). Tumors
have been shown to be produced from tributyltin oxide exposure in a mammalian model
(Wester et al., 1990). BT exposure has also been shown to disrupt the immune system of marine
mammals (Nakata et al., 2002). DBT is used as a stabilizer in the production of polyvinyl
chloride (PVC) plastic products (Roper, 1992) and has been found in some plastic food
containers (Nakashima et al., 1990; Yamada et al., 1993). It has also been used as a deworming
agent in poultry and some poultry products have been shown to contain measurable levels of
DBT (Epstein et al., 1991). Drinking water has also been reported to contain DBT due to
leaching from PVC pipes (Sadiki et al., 1996). Human exposure to DBT could come from
poultry products (Epstein et al., 1991), consuming beverages stored in PVC pipes during
manufacture (Forsyth et al., 1992a,b), and drinking water (Sadiki et al., 1996). DBT has also
been found in human blood from donors with no specific route of exposure other than what is
found in the environment (Kannan et al., 1999; Whalen et al., 1999). It has also been shown
to cause atrophy of the thymus and pancreatitis in exposed rats (Pieters et al., 1994; Merkord
et al., 1997). Exposure of animals to DBT may debilitate their immune function, making them
more vulnerable to infectious diseases (Kannan et al. 1997, 1998). The presence of TBT and
DBT in human blood (Whalen et al., 1999; Kannan et al., 1999) raises serious concerns since
we have shown in previous studies in our laboratory that BT have deleterious effects on the
ability of NK cells to perform their tumor lysing function (Whalen et al., 1999; Dudimah et
al., 2007a,b).
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NK cells destroy target cells by releasing granules containing cytotoxic proteins, perforin and
granzyme B, onto target cells (Podack, 1992; Talanian et al., 1997). When an NK cells binds
to a target cell a series of enzymatic activities are stimulated in the NK cell these appear to
include activation of protein kinase C (PKC) (Chuang et al., 2003; Steele and Brahmi, 1988;
Procopio et al. 1989) and activation of mitogen activated protein kinases (MAPK) (Trotta et
al, 1998; Trotta et al., 2000). PKC can be activated by increases in cytosolic calcium ion
(Ca2+) as well as by diacylglycerol (DAG) or a combination of elevated Ca2+ and DAG
(Steinberg, 2008). Thus, there is a potential role for increased cytosolic calcium levels in the
activation of PKC which could then lead to a series of activations resulting in activation of
MAPKs (Pearson et al., 2001). This MAPK activation is able to stimulate granule release
(Trotta et al., 1998). Our previous studies have shown that one of the consequences of TBT
exposures was activation of MAPKs in human NK cells (Aluoch and Whalen, 2005; Aluoch
et al., 2006; Aluoch et al., 2007). This TBT-induced activation of MAPKs could leave the NK
cell unable to respond to target cells. The mechanism by which TBT causes the activation of
MAPKs has not been elucidated. TBT-induced elevation of cytosolic [Ca2+] in NK cells could
potentially lead to activation of MAPKs. TBT has been shown to alter cytosolic Ca2 in other
cell types (Chikahisa and Oyama, 1992; Chow et al., 1992; Stridh et al., 1999; Kawanishi et
al., 2001).
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The aim of this study is to determine the effects of brief exposures to the butyltins, TBT and
DBT, on the [Ca2+]cyt in NK cells. This will elucidate whether exposures to BTs induce
increased [Ca2+]cyt in NK cells as has been seen in thymocytes (Chow et al., 1992). An
additional aim of this study is to determine whether an increase in cytosolic Ca2+, stimulated
by the calcium ionophore A23187, is able to activate MAPK activation in NK cells. If MAPK
are activated by the ionophore, it will be determined if the extent of activation is similar to that
induced by TBT exposures.

MATERIALS AND METHODS
Preparation of human NK cells
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Peripheral blood from healthy adult (male and female) volunteer donors was used for this study
(Red Cross, Portland, OR). Buffy coats were shipped overnight at ambient temperature and
processed immediately upon receipt. Highly purified NK cells were obtained using a rosetting
procedure. Buffy coats were mixed with 0.8 ml of RosetteSep human NK cell enrichment
antibody cocktail (StemCell Technologies, Vancouver, BC, Canada) per 45 ml of buffy coat.
The mixture was incubated for 25 min at room temperature (25° C) with periodic mixing
(approximately every 20 min). Following the incubation, 5 ml of the mixture was layered onto
4 ml of Ficoll-Hypaque (1.077 g/ml) (Sigma-Aldrich, St. Louis, MO) and centrifuged at 1200
g for 30 min. The cell layer was collected and washed twice with phosphate buffered saline
(PBS) and stored in complete media (RPMI-1640 supplemented with 10% heat-inactivated
BCS, 2 mM L-glutamine and 50 U penicillin G with 50 μg streptomycin/ml) at 1 million cells/
ml. The resulting cell preparation was >95% CD16+, 0% CD3+ by fluorescence microscopy
and flow cytotometry (Whalen et al., 2002; Bariagaber and Whalen, 2003).
Chemical preparation
TBT and DBT were purchased from Aldrich Chemical Co. (Milwaukee, WI). DBT was
dissolved in dimethylsulfoxide (DMSO) (Sigma-Aldrich) to give a stock solution. TBT is a
liquid at room temperature and was dispersed initially in double de-ionized water (ddH2O) to
give a 1 mM solution. Desired concentrations of each of the compounds were prepared by
dilution of the stock into the appropriate medium.
Flow Cytometry
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NK cells were incubated with 5μM Fluo-3, AM (Molecular Probes, Eugene, OR), for 1 h at a
concentration of 2 million cells/mL. Following the incubation the cells were washed three times
with either RPMI 1640 or Phosphate Buffered Saline (PBS, without Ca2+ plus 2 mM EDTA)
and stored on crushed ice (Scotsman Ice Systems, Vernon Hills, IL). The samples were then
exposed to varying concentrations of TBT (25 – 500 nM) or DBT (0.5- 10 μM) for varying
lengths of time (3 – 120 min) and analyzed by Flow Cytometry. Samples were analyzed using
the FACSCalibur flow cytometer from Becton Dickinson Immunocytometry Systems, Inc
(BDIS), San Jose, CA. Instrument performance was standardized weekly using Calibrite beads
(BDIS) and the same instrument settings were used for all acquisitions. The assays were
sufficiently uniform to use the same FSC, SSC, and FL settings. The sensitivity of the
instrument was constant. The acquisition and analysis software for flow cytometry data was
CELLQuest Pro from BDIS running on an Apple computer.
Cell lysates for Western Blots
NK cells at a concentration of 6 million/mL will be incubated for 0-60 min with 5 μM A23187.
Following the above treatments, the cells were centrifuged and the cell pellets were lysed using
133 μL of lysis buffer (Active motif, Carlsbad, CA) per 2 million cells. The cell lysates were
stored frozen at −80 °C up to the point when they were run on SDS-PAGE. Control and treated
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cells for a given experimental setup (described above) were from an individual donor (Aluoch
and Whalen, 2005).
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Western Blots
Cell lysates prepared as described were run on 10% SDS-PAGE and transferred to PVDF
membranes. The PVDF membranes were immunoblotted with anti-phospho p44/42 and antip44/42 antibodies (Cell Technologies Inc., Beverly, MA). The density of antibodies was
visualized using ECL chemiluminescent detection system and a Kodak Imaging System
(Kodak, Rochester, NY). β-actin levels were determined for each condition to verify that equal
amounts of protein were loaded. In addition, the density of each protein band was normalized
to β-actin to correct for small differences in protein loading among the lanes (Aluoch and
Whalen, 2005).
Statistical Analysis
Statistical analysis of the data was carried out utilizing ANOVA and Student's t test. Data were
initially compared within a given experimental setup by ANOVA. A significant ANOVA was
followed by pair wise analysis of control versus exposed data using Student's t test.

RESULTS
NIH-PA Author Manuscript

Effect of TBT exposures on Ca 2+ levels in NK cells
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NK cells loaded with Fluo3 AM were exposed to 500, 300, 200, 100, 50 and 25 nM TBT for
periods of 3, 15, 30, and 60 min. Figure 1A shows the average increases in intracellular Ca2+
as compared to control cells. The studies shown in Figure 1A were carried out in cell culture
medium (RPMI 1640, Mediatech Inc., Herndon, VA) which contained 0.42 mM Ca2+.
Additional studies were carried out in a PBS solution which had no added Ca2+ and in which
there was 2 mM EDTA. As seen in figure 1A, when NK cells were exposed to 500 nM TBT
there was an average increase in cytosolic Ca2+ of 43.9±15.7% at 3 min and this increased to
98.1±41.5% by 30 min. NK cells exposed to 300 nM TBT showed an average increase in
cytosolic Ca2+ of 37.8±8.9% at 3 min and 42.3±10.1 at 30 min. The figure is an average of 4
separate experiments using different donors. Figure 1B shows shifts in Fluo-3AM flourescence
with a 30 min exposure of NK cells to 500 nM TBT and Figure 1C with a 300 nM exposure
to TBT from a representative experiment. The greatest increase in Ca2+ occurred at either 30
min or 60 min, in any given experiment for the 500 and 300 nM concentrations. Exposures to
200 and 100 nM TBT for 3 min caused increases in NK-cell-cytosolic Ca2+ of 35.8±7.0% and
29.2±7.2 %, respectively. 30 min exposures to 200 and 100 nM TBT caused increases of 28.2
±8.7% and 18.8±11.3%, respectively. Unlike 500 and 300 nM exposures the increases were
normally greatest at the 3 minute time point when NK cells were exposed to 200 and 100 nM
TBT. Figure 1D shows the increase in Fluo-3AM fluorescence when NK cells were exposed
to 200 nM TBT for 3 min and Figure 1E shows the effects of a 3 min exposure to 100 nM TBT.
NK cells exposed to 50 nM TBT showed small but significant increases in cytosolic Ca2+ of
14.4±5.9% at 3 min that did not maintain out to 30 min. There was no significant increase in
cytosolic Ca2+ when NK cells were exposed to 25 nM TBT at any time point.
Figure 2 compares the increases in cytosolic Ca2+ when there was 0.42 mM Ca2+ (RPMI1640)
versus no Ca2+ (PBS solution which had no added Ca2+ and in which there was 2 mM EDTA).
Figure 2A shows that the increase in cytosolic Ca2+ seen with a 30 min exposure to 500 nM
TBT was reduced by greater than 88% when there was no Ca2+ in the extracellular fluid.
Increases in cytosolic Ca2+ stimulated by 30 min exposures to 300 nM (Figure 2B) and 200
nM TBT (Figure 2C) were both reduced by greater than 70%.
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Effect of DBT exposures on Ca 2+ levels in NK cells
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NK cells loaded with Fluo3 AM were exposed to 10, 5, 2.5, 1, and 0. 5 μM DBT for periods
of 3, 15, 30, and 60 min. Figure 3A shows that there were small by significant increases in
cytosolic Ca2+ when NK cells were exposed to 10, 5,and 2.5 μM DBT for 30 min. The increases
were about 20% at 10 μM, 13% at 5 μM, and 8% at 2.5 μM DBT. There were also increases
seen with exposures for 60 min to 10, 5 and 2.5 μM DBT (Figure 3A). There were no significant
increases in cytosolic Ca2+ when exposures were for 3 or 15 min. These increases were
measured when the cells were exposed to DBT in media containing 0.42 mM Ca2+ (RPMI
1640). Figure 3B shows the increase in Fluo-3AM fluoresecence with an exposure of NK cells
to 10 μM DBT for 30 min from a representative experiment.
Effect of exposures to 5 μM A23187 on Ca 2+ levels in NK cells
NK cells loaded with Fluo3 AM were exposed to the calcium ionophore, A23187, (5 μM) for
3, 15, 30 and 60 min. Figure 4A shows the percent increase in cytosolic Ca2+ at each of these
time points when the NK cells were suspended in calcium containing media (RPMI 1640). The
increase was greatest at 3 min being about 250% greater than control cells. Figure 4B shows
the increase in Fluo-3AM fluoresecence with an exposure of NK cells to 5 μM DBT for 3 min
from a representative experiment.
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Effect of exposures to 5 μM A23187 on mitogen activated protein kinase (MAPK) activation
in NK cells
Figure 5 shows the effects of the increase in cytosolic Ca2+ caused by treatment with 5μM
A23187 on the activation states of the MAPKs p44/42 and p38. NK cells were treated with
A23187 for 0, 5, 10, 30 or 60 min. Figure 5A indicates that there was a statistically significant
increase in p44/42 phosphorylation of about 2 fold 5 min after exposure to the ionophore
(p<0.025). A 5 min exposure to 5μM A23187 also caused an significant increase in p38
phosphorylation, 2.6 fold (p<0.025) (figure 5A). Figure 5B is a representative experiment.
There were no significant changes in JNK phosphorylation at any time point.

DISCUSSION
The aim of these studies was to determine if exposures to the butyltins, TBT and DBT were
able to cause changes in the levels of cytosolic Ca2+in human NK cells. Further, they examined
whether increases in cytosolic Ca2+ in NK cells stimulated by a calcium ionoophore, A23187,
could cause alterations of MAPK activation similar to those seen with TBT.
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Previous studies have shown that TBT increased intracellular Ca2+ in thymocytes from rats
(Chow et al., 1992) and mice (Chikahisa and Oyama; 1992) and in a mutated T cell (Stridh et
al., 1999). However there have been no studies examining the effects of TBT on cytotsolic
Ca2+ in normal human lymphocytes. Our earlier studies have indicated that exposures to TBT
ranging from 500-25 nM are able to decrease the ability of human NK lymphocytes to carry
out their crucial function of destroying tumor cells (Whalen et al., 1999; Whalen et al., 2002;
Dudimah et al., 2007a). We have found that these same exposures were able to lead to activation
of several MAPK within 5-10 minutes (Aluoch and Whalen, 2005; Aluoch et al., 2006; Aluoch
et al., 2007). MAPK activation can lead to the release of cytotoxic proteins from NK cells onto
tumor cells, which then cause tumor cell destruction (Trotta et al, 1998; Trotta et al., 2000).
TBT-induced activation of MAPK could then leave the NK cell unable to respond to tumor
cell contact. MAPK are activated by MAPK kinases (MAP2K), which are in turn activated by
MAP2K kinases (MAP3K) (Vivier et al., 2004). MAP3K have the capacity to be activated by
PKC (Pearson et al., 2001) which under some circumstances can be activated by an increase
in cytosolic Ca2+, as well as other mechanisms (Steinberg, 2008). Thus, it was important to
examine whether TBT induces alteration in cytosolic Ca2+ in NK cells and to examine whether
Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.
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increased Ca2+ could lead to activations of MAPKs similar to those seen with TBT exposures
(Aluoch and Whalen 2005; Aluoch et al., 2006; Aluoch et al., 2007).
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The current study showed that TBT exposures of 500 nM caused increases in cytosolic Ca2+
of approximately 100% after 60 min. Exposures to 300 and 200 nM TBT caused increases of
about 40% after 60 min and exposure to 100 nM TBT caused an increase of about 20% after
60 min. It appeared as though the increases in cytosolic Ca2+ were mainly due to an influx of
extracellular Ca2+ rather than release from intracellular sources, since the increase in cytosolic
Ca2+ seen at 60 min with 500 nM TBT in media where Ca2+ had been minimized by addition
of EDTA was less than 10% of that seen in Ca2+ -containing medium. The increases in cytosolic
Ca2+ seen with 300 and 200 nM were also greatly diminished when there was no Ca2+ added
to the extracellular media. There were no measureable increases at 100 and 50 nM TBT when
the experiment was done in Ca2+ free media. Additionally, the data indicated that the TBTinduced increase in cytosolic Ca2+ began to decline after 60 min. DBT is also able to decrease
the lytic function of human NK cells at concentrations ranging from 10 -0.5 μM (in the range
of 20 times greater concentrations than are needed with TBT) (Whalen et al., 1999; Dudimah
et al., 2007b). The effects of DBT exposures on cytosolic Ca2+ were also examined and it was
found that both 10 and 5 μM DBT could cause significant but quite small increases after 30
and 60 min. The increases were about 20% above control levels for 10 μM DBT and about
13% for 5 μM DBT. Thus, the increases seen with TBT were far greater than those seen with
DBT. Consistent with previous studies in rodent thymocytes and human T-cell leukemia cells,
we saw an increase in cytosolic Ca2+. However, we used much lower concentrations of TBT
than were used in those studies (Chow et al., 1992; Stridh et al. 1999).
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Exposure of NK cells to calcium ionophore, A23187, increased the phosphorylation of p44/42
and p38 at 5 min, but not at any other time point. In contrast, the concentration of TBT that
caused the greatest increase in cytosolic Ca2+, 500 nM, caused a similar increase in phoshop44/42 as was seen with A23187 (about 2 fold), but this increase maintained out to 60 min as
compared to only 5 min with A23187 (Table 1). 500 nM TBT caused no significant increase
in phospho-p38 (Table 1) while A23187 caused an approximately 2.6 fold increase at 5 min.
Furthermore, 300 nM TBT, which caused a much smaller increase in cytosolic Ca2+ than either
A23187 or 500 nM TBT, caused much more significant increases in both phospho-p44/42 and
phospho-p38. Thus, it appears that increases in cytosolic Ca2+ do not significantly account for
the increases in MAPK activation that are seen with most TBT exposures. However, alterations
of cytosolic Ca2+ concentration are important in the lytic response of NK cells, thus, the
increases in cytosolic Ca2+ are likely to have important effects on NK cell function at the 500
nM and possibly the 300 nM exposures. TBT (300 nM) has been shown to suppress mitogenesis
of peripheral blood mononuclear cells in both dolphins and humans (Nakata et al., 2002). It is
possible that alteration of cytosolic Ca2+ levels seen with TBT could also contribute to this
effect, if T cells were to show an increase in cytosolic Ca2+ levels as is seen in NK cells. This
is quite possible as rat thymocytes show increases in cytosolic Ca2+ levels following TBT
exposures (Chow et al., 1992)
In summary, the results indicate that BTs were able to increase cytosolic Ca2+ in NK cells,
with TBT being much more effective than DBT. This increase in cytosolic Ca2+ appeared to
be mainly due to an influx of Ca2+ from the extracellular compartment. The results also showed
that increased Ca2+ could lead to a brief activation of the MAPKs, p44/42 and p38. Thus, it
appears that the TBT-induced activation of MAPKs in NK cells cannot be fully accounted for
by TBT-induced increases in cytosolic Ca2+.

ACKNOWLEDGMENT
This research was supported by Grant S06GM008092-33 from the National Institutes of Health.

Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.

Lane et al.

Page 7

REFERENCES
NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Aluoch AO, Whalen MM. Tributyltin-induced effects on Map kinases p38 and p44/42 in human natural
killer cells. Toxicology 2005;209:263–277. [PubMed: 15795062]
Aluoch AO, Odman-Ghazi SO, Whalen MM. Pattern of MAP kinases p44/42 and JNK activation by nonlethal doses of tributyltin in human natural killer cells. Arch. Toxicol 2007;81:271–277. [PubMed:
17019560]
Aluoch AO, Odman-Ghazi SO, Whalen MM. Alteration of an essential NK cell signaling pathway by
low doses of tributyltin in human natural killer cells. Toxicology 2006;224:229–237. [PubMed:
16781040]
Alzieu C, Sanjuan J, Michel P, Borel M, Dreno JP. Monitoring and assessment of butyltins in Atlantic
coastal waters. Mar. Pollut. Bull 1989;20:22–26.
Bariagaber AK, Whalen MM. Decreased adenylyl cyclase and cAMP-dependent protein kinase
actitivities inhibit the cytotoxic function of human natural killer cells. Hum. Immunol 2003;64:866–
873. [PubMed: 12941541]
Biron CA, Byron KS, Sullivan JL. Severe herpes virus in an adolescent without natural killer cells. New
Engl J Med 1989;320:1731–1735. [PubMed: 2543925]
Chikahisa L, Oyama Y. Tri-n-butyltin increases intracellular Ca2+ in mouse thymocytes: A flowcytometric study using fluorescent dyes for membrane potential and intracellular Ca2+ Pharmacol. &
Toxicol 1992;71:190–195.
Chow SC, Kass GE, McCabe MJ Jr, Orrenius S. Tributyltin increases cytosolic free Ca2+ concentration
in thymocytes by mobilizing intracellular Ca2+, activating a Ca2+ entry pathway, and inhibiting Ca2
+ efflux. Archives of Biochemical Biophysics 1992;298:143–149.
Chuang SS, Lee JK, Mathew PA. Protein kinase C is involved in 2B4 (CD244)-mediated cytotoxicity
and AP-1 activation in natural killer cells. Immunology 2003;109:432–439. [PubMed: 12807490]
Clark EA, Sterritt RM, Lester JN. The fate of tributyltin in the aquatic environment. Environmental
Science and Technology 1988;22:600–604.
Dudimah FD, Odman-Ghazi SO, Hatcher F, Whalen MM. Effect of Tributyltin (TBT) on the ATP levels
in human natural killer cells: Relationship to TBT-induced decreases in NK function. J. Appl. Toxicol
2007a;27:86–94. [PubMed: 17149696]
Dudimah FD, Gibson C, Whalen MM. Effect of Dibutyltin (DBT) on ATP levels in human natural killer
cells. Environ. Toxicol 2007b;22:117–123. [PubMed: 17366562]
Epstein RL, Phillippo ET, Harr R, Koscinski W, Vosco G. Organotin residue determination in poultry
and turkey sample survey in the United States. J. Agric. Food Chem 1991;39:917–921.
Fleisher G, Koven N, Kamiya H, Henle W. A non-X-linked syndrome with susceptibility to severe
Epstein-Bar virus infections. J. Pediatr 1982;100:727–730. [PubMed: 6279813]
Forsyth DS, Weber D, Barlow L. The determination of organotin compounds in fruit juices using gas
chromatography-atomic absorption spectrometry. Appl. Organomet. Chem 1992a;6:579–585.
Forsyth DS, Weber D, Cldroux C. Determination of butyltin, cyclohexyltin and phenyltin compounds in
beers and wines. Food Addit. Contam 1992b;9:161–169. [PubMed: 1499773]
Hall LW Jr, Pinkney AE. Acute and sublethal effects of organotin compounds on aquatic biota: An
interpretative literature evaluation. Critical Reviews in Toxicology 1985;14:159–209. [PubMed:
3888535]
Kannan K, Tanabe S, Iwata H, Tatsukawa R. Butyltins in muscle and liver of fish collected from certain
Asian and Oceanian countries. Environ. Pollut 1995a;90:279–290. [PubMed: 15091461]
Kannan K, Tanabe S, Tatsukawa R. Occurrence of butyltin residues in certain foodstuffs. Bull. Environ.
Contam. Toxicol 1995b;55:510–516. [PubMed: 8555674]
Kannan K, Tanabe S, Tatsukawa R, Williams RJ. Butyltin residue in fish from Australia, Papua New
Guinea, and the Solomon Islands. Int. J. Environ. Anal. Chem 1995c;61:263–273.
Kannan K, Falandyz J. Butyltin residues in sediment, fish, fish eating birds, harbour porpoise and human
tissues from the Polish coast of the Baltic sea. Mar. Pollut. Bull 1997;34:203–207.
Kannan K, Senthilkumar K, Loganathan BG, Takahashi S, Odell DK, Tanabe S. Elevated accumulation
of tributyltin and its breakdown products in bottle nose dolphins (Tursiops truncates) found stranded
along the U.S. Atlantic and Gulf coasts. Environ. Sci. Technol 1997;31:269–301.
Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.

Lane et al.

Page 8

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Kannan K, Guruge KS, Thomas NJ, Tanabe S, Giesy JP. Butyltin residues in southern sea utters (Enhydra
lutris nereis) found dead near California coastal waters. Environ. Sci. Technol 1998;32:1169–1175.
Kannan K, Senthilkumar K, Giesy JP. Occurrence of butyltin compounds in human blood. Environ. Sci.
Technol 1999;33:1776–1779.
Kawanishi T, Kiuchi T, Asoh H, Shibayama R, Kawai H, Ohata H, Momose K, Hayakawa T. Effect of
tributyltin chloride on the release of calcium ion from intracellular calcium stores in rat hepatocytes.
Biochem.Pharmacol 2001;62:863–872. [PubMed: 11543721]
Laughlin RB, Linden O. Fate and effects of organotin compounds. Ambio 1985;14:88–94.
Lotzova E. Definition and function of natural killer cells. Natural Immunity 1993;12:177–193. [PubMed:
8257825]
Merkord J, Jonas L, Weber H, Kroning G, Nizze H. Acute interstitial pancreatitis in rats induced by
dibutyltin dichloride (DBDC) pathogenesis and natural cause of lesions. Pancreas 1997;15:392–401.
[PubMed: 9361094]
Moretta L, Biassoni R, Bottino C, Mingari MC, Moretta A. Natural killer cells: a mystery no more.
Scandinavian Journal of Immunology 2002;55:229–232. [PubMed: 11940228]
Nakashima H, Hori S, Nakazawa H. Determination of dibutyltin and dioctyltin compounds in PVC food
containers, wrappage and clothes by reversed phase HPLC with column switching. Eisei Kagaku
1990;36:155–220.
Nakata H, Sakakibara A, Kanoh M, Kudo S, Watanabe H, Nagai N, Miyazaki N, Asano Y, Tanabe S.
Evaluation of mitogen induced responses in marine mammal and human lymphocytes by in-vitro
exposure of butyltins and non-ortho coplanar PCBs. Environmental Pollution 2002;120:245–253.
[PubMed: 12395836]
Pearson G, Robinson F, Beers Gibson T, Xu B-E, Karandikar M, Berman K, Cobb MH. Mitogen-activated
protein (MAP) kinase pathways: Regulation and physiological functions. Endocrine Rev
2001;22:153–183. [PubMed: 11294822]
Pieters RH, Bol M, Seinen W, Penninks AH. Cellular and molecular aspects of organotin-induced thymus
atrophy. Hum. Exp. Toxicol 1994;12:876–879. [PubMed: 7718308]
Podack ER. Perforin: structure, function, and regulation. Current Topics in Microbiology and
Immunology 1992;178:175–184. [PubMed: 1424774]
Procopio ADG, Paolini R, Gismondi A, Piccoli M, Adamo S, Cavallo G, Frati L, Santoni A. Effects of
protein kinase C (PK-C) activators and inhibitors on human large granular lymphocytes (LGL): Role
of PK-C on natural killer (NK) activity. Cellular Immunology 1989;118:470–481. [PubMed:
2910505]
Roper, WL. Toxicological profile for tin. U.S department of health and human services, agency for toxic
substances and disease registry; 1992.
Sadiki A-I, Williams DT, Carrier R, Thomas B. Pilot study on the contamination of drinking water by
organotin compounds from PVC materials. Chemosphere 1996;32:2389–2398. [PubMed: 8653382]
Senthil Kumar K, Kannan K, Tanabe S, Prudente M. Butyltin compounds in resident and migrant birds
collected from the Philippines. Fresenius Environmental Bulletin 1998;7:561–571.
Senthil Kumar K, Duda CA, Villeneuve DL, Kannan K, Falandysz J, Giesy JP. Butyltin compounds in
sediment and fish from the Polish coast of the Baltic Sea. Environmental Science and Pollution
Research 1999a;6:200–206.
Senthil Kumar K, Tanabe S, Kannan K, Subramanian AN. Butyltin residues in migratory and resident
birds collected from South India. Toxicological and Environmental Chemistry 1999b;68:91–104.
Stallard M, Hodge V, Goldberg ED. TBT in California coastal waters: Monitoring and assessment.
Environmental Monitoring and Assessment 1987;9:195–220.
Steele TA, Brahmi Z. Inhibition of human natural killer cell activity by the protein kinase C inhibitor 1-)
5-isoquinolinesulfonyl)-2-methylpiperazine is an early but post binding event. Journal of
Immunology 1988;141:3164–3169.
Steinberg SF. Structural basis of protein kinase C isoform function. Physiol. Rev 2008;88:1341–1378.
[PubMed: 18923184]
Stridh H, Gigliotti D, Orrenius S, Cotgreave I. The role of calcium in pre- and postmitochondrial events
in tributytin-induced T-cell apoptosis. Biochem. Biophys. Res. Comm 1999;266:460–465. [PubMed:
10600525]
Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.

Lane et al.

Page 9

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Takahashi S, Mukai H, Tanabe S, Sakayama K, Miyazaki T, Masuno H. Butyltin residues in the liver of
humans and wild terrestrial mammals and in the plastic products. Environ. Pollut 1999;106:213–218.
[PubMed: 15093048]
Talanian RV, Yang X, Turbov J, Seth P, Ghayur T, Casiano CA, Orth K, Froelich CJ. Granule-mediated
killing:pathways for granzyme B-initiated apoptosis. Journal of Experimental Medicine
1997;186:1323–1331. [PubMed: 9334372]
Tanabe S, Prudente M, Mizuno T, Hasegawa J, Iwata H, Miyazaki N. Butyltin contamination in marine
mammals from north Pacific and Asian coastal waters. Environmental Science and Technology
1998;32:193–198.
Trotta R, Puorro KA, Paroli M, Azzoni L, Abebe B, Eisenlohr LC, Perussia B. Dependence of both
spontaneous and antibody-dependent, granule exocytosis-mediated NK cell cytotoxicity on
extracellular signal-related kinases. J. Immunol 1998;161:6648–6656. [PubMed: 9862693]
Trotta R, Fettucciari K, Azzoni L, Abebe B, Puorro KA, Eisenlohr LC, Perussia B. Differential role of
p38 and c-Jun N-terminal kinase 1 mitogen-activated protein kinases in NK cell cytotoxicity. J.
Immunol 2000;165:1782–1789. [PubMed: 10925255]
Vivier E, Nunes JA, Vely F. Natural killer cell signaling pathways. Science 2004;306:1517–1519.
[PubMed: 15567854]
Wester PW, Krajnc EI, van Leeuwen FX, Loeber JG, van der Heijden CA, Vaessen HA, Helleman PW.
Chronic Toxicity and Carcinogenicity of bis(tri-n-butyltin)oxide (TBTO) in the rat. Food Chem
Toxicol 1990;28:179–196. [PubMed: 2344992]
Whalen MM, Loganathan BG, Kannan K. Immunotoxicity of environmentally relevant concentrations
of butyltins on human natural killer cells in vitro. Environmental Research 1999;81:108–116.
[PubMed: 10433842]
Whalen MM, Ghazi S, Longanathan BG, Hatcher F. Expression of CD16, CD18 and CD56 in tributyltinexposed human natural killer cells. Chemico-Biological Intereactions 2002;139:159–176.
Yamada S, Fuji Y, Mikami E, Kawamura N, Hayakawa J. Small-scale survey of organotin compounds
in household commodities. J. AOAC. Int 1993;76:436–441.

NIH-PA Author Manuscript
Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.

Lane et al.

Page 10

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript
Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.

Lane et al.

Page 11

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript
Arch Environ Contam Toxicol. Author manuscript; available in PMC 2010 November 1.

Lane et al.

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 1.

Effect of exposure to TBT on cytosolic Ca2+ levels in NK cells. A.) 500-25 nM TBT for 3- 60
minutes. Values are percent increase in Fluo-3 mean fluorescence in treated cells as compared
to cells that received no TBT exposure (mean ± S.D. of 4 separate determination using NK
cells prepared from different donors (an asterisk * indicates a statistically significant difference
(P<0.05)). B.) shift in mean fluorescence intensity of Fluo-3AM caused by a 30 min exposure
of NK cells to 500 nM TBT from a representative experiment (dashed line = control cells; solid
line = treated cells). C.) as described in (B) for a 30 min exposure of NK cells to 300 nM
exposure to TBT. D.) as described in (B) for a 3 min exposure of NK cells to 200 nM exposure
to TBT. E.) as described in (B) for a 3 min exposure of NK cells to 100 nM exposure to TBT.
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Figure 2.

Effect of exposure to TBT on cytosolic Ca2+ levels in NK cells in Ca2+ -co-containing versus
Ca2+-free media. A) increase in cytosolic Ca2+ seen with exposure to 500 nM TBT. B.) increase
in cytosolic Ca2+ seen with exposure to 300 nM TBT. C.) increase in cytosolic Ca2+ seen 30
min exposure to 200 nM TBT.
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Figure 3.

Effect of exposure to DBT on cytosolic Ca2+ levels in NK cells. A.) 10-0.5 μM DBT for 3- 60
minutes. Values are the percent increase in Fluo-3 mean fluorescence in treated cells as
compared to that in cells that received no DBT exposure (mean ± S.D. of 5 separate
determination using NK cells prepared from different donors (an asterisk * indicates a
statistically significant difference (P<0.05)). B.) Shift in mean fluorescence intensity of
Fluo-3AM caused by a 30 min exposure of NK cells to 10 μM DBT from a representative
experiment (dashed line = control cells; solid line = treated cells).
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Figure 4.

Effect of exposure to calcium ionophore, A23187, on cytosolic Ca2+ levels in NK cells. A.) 5
μM A23187 for 3- 60 minutes. Values were determined by calculating the percent increase in
Fluo-3 mean fluorescence in treated cells as compared to that in cells that received no A23187
exposure (mean ± S.D. of 3 separate determination using NK cells prepared from different
donors (an asterisk * indicates a statistically significant difference (P<0.05)). B.) Shift in mean
fluorescence intensity of Fluo-3AM caused by a 3 min exposure of NK cells to 5 μM A23187
from a representative experiment (dashed line = control cells; solid line = treated cells).
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Effect of 3-60 min exposure to 5 μM A23187 on the phosphorylation of the MAPKs, p44/42
and p38 in pure NK cells. A) phospho-p44/42 and phospho- p38 in NK cells exposed to 5 μM
A23187 for 5-60 min. Values are fold increase in phosphorylation as compared to control NK
cells (mean ± S.D. from three separate experiments using cells from different donors (an
asterisk * indicates a statistically significant difference (P<0.05)). The density of each protein
band was normalized to β-actin to correct for small differences in protein loading among the
lanes. B) Representative Western blot of phospho-p44/42; phoshpho-p38 and actin.
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Table 1

TBT-induced increases in phosphorylation of MAPKs, p44/42 and p38.a
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Fold increase in
Phospho-p44/42
(500 nM TBT)
Fold increase in
Phospho-p38
(500 nM TBT)
Fold increase in
Phospho-p44/42
(300 nM TBT)
Fold increase in
Phospho-p38
(300 nM TBT)

Length of exposure to TBT
5 min
10 min

30 min

60 min

2.6

2.5

2.7

2.7

NSb

NS

NS

NS

2.8

3.5

4.1

5.0

2.1

2.2

2.3

2.0

a

from Aluoch and Whalen, 2005

b

NS=not significant
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